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FINAL, REPORT ON SHOCK TUBE, PIEZOELECTRIC GAUGES,

AND RECORDING APPARATUS

Abstract

* The purposes of this report are: (i) to provide a manual covering the
design, operation, and calibration of a blast tube for producing shock wavesof known pressure-time characteristics, (ii) to review the work-done in

studying the. response of piezoelectric -gauges subjected to step-function
shocks in a tube, and (iii) to describe the electronic equipment used to re-
cord gauge output..

The •report consists of an introduction and three parts which containthe f ollowing material.

The Introduction givQs the background. tc prosent tube t'ork. in -th "
form of a brief review and sumnary-of An early report byGe'rge Reynolds.

Sec. 1 of Part I consists of a description of the present blast tube
-which represents the final and completely satisfactory results of two years
of-development. This tube is more easily constructed, holds for greater

--pressures, and is easier to operate than the original design. The present
desoign, being a great deal heavier, 'educes tube vibrations, and the gauges
mounted in the tube give much better recQrds.

* Sec. 2 of Part I discusses tube theory. In early tube work-shock-wave
pressures. were computed from a simple theory of shock-formation, The approx-
imate nature of this theory is discussed. A more accurate method of deter-
mining shock pressure is presented in which shock pressures are computed
from velocity measurements using the pressure-velocity equation. .-The;.valid-
ity of this equation f'or a real gas is discussed and a formula for the ef-
-fect of humidity is :derived.

Sec. I of-Part II describes the method of measuring velocities with.
light- screensj -phoetocells, and -a--spiral •chronograph. A full discuscion" is
presented of possible sources of error.

Sed. 2 of Part II deals with the results of Velocity measuremht, vhich
are presented in- terms of the percentage differences between shock, pressures
computed from measured velocities and shock pressures predicted by the simple
(approximate) theor-y of shock-wave formation. The press.ures computed, from
velocities vary from 7to 18 percent'below the theoretical pressures over
the range of pressures usedvhich was 3 to 21 lb/in excess pressure in the
shock. In general, the difference increases with pressure and distance down
the tube.

Comparison of velocity results obtained at different times and in tubes
of different shape arid construction agree within 3.3 percent for shock-wave
pressures from 3 to 15 Ib/in. Effects of thickness of diaphragm, irregular-
ities in tube, extreme differences in room temperature, and other variables

-CONFIDENT L, A I
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are investigated. It is shown that if "a few simple precautions are taken
shock-wave presbure vill depend " only':on 'chamber pressu e, so that in further
tube experiments and gauge calibration shock pressures may be determined di-
rectly from chamber pressures without measuring velocities.

Part III deals with gauge studies and recording apparatus. A descrip-
tion of various types of quartz gaugeais given. Apparently erratic varia-
tions in sensitivity of quartz gauges were traced to temperature variations., .

A wafer-type quartz gauge was developed that was not affected by temperature.
The sensitivity of many older tourmaline gauges varied with temperature
while the sensitivity of the newer tourmaline gauges did not.

The character of records given by tourmaline gauges at various incident
and reflected pressures is discussed. It was found that the appar~nt sensi-
tivity of the gauges decreased as the particle velocity behind the shock
wave .increased. It is suggested that th, gauge disturbs the Streamlines and
causes a local reduction of pressure. The pressure being measured by the
gauge is determined partly by the gauge and is not the pressure that would
act at the same point if the gauge were not there.

The third section of Part III describes the electronic apparatus used
to record gauge output.

INTRODUCTION

Blast-tube work was begun at Princeton University in 19.3 by George T.

Reynolds. The early stages of the work were reported by Reynolds I / and sub-

sequentexperimentation has been reported in the Division 2 monthly series

of AEXS J rep'orts. Although the results of the AES papers will be stated

briefly in the various parts of the present report, it is not intended to

reproduce here material that has been presented in full elsewhere.

j A preliminary study of plane' shock waves formed by bursting dia-
phragms in a tube, by G.. T. R1-eynolds, NDRC Report A-192 (OSRD-1519).

?/ "Pressures behind a shock wave computed from velocity measurements

in the blast tube and the correction for humidity,'t by 71. T. Read, included. %
in AES-3 (OSRD-4257)..

3/ "Determination 6f" shock-wave pressure ii. the blast tube as a func-

tion of compression-chamber pressure, T. Read, included in
(OSRD-451h).

'"Effect of temperature on gauge calibration, by V. T. Read, in-
cluded in AES-1O (OSRD-5114).

C ON, F I D B N T I A L
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The following -is a brief outline of Reynoldst report by sectionst

1 . Introduction. An outline of blast-tube history is given with
references to both ,pioneer work and recent reports by.Payman

__and ShepherdL-a4

*- 2. Apparatus. The essential features of the tube. are :illustrated
and the production of- a shock wave by bursting a diaphragm is
described. Reference is made t6 t1'~e associated electronic
apparatUs-and its characteristics4

3. eory. "(a) A sionple theory of the 'formation of' the shock

wave is given. From the theory an equation is derived relat-
ing shock-wave pressure to compression~chamber pressure.
4 ,(b) The reflection-of the rarefaction from the closed. end of-
-the compression chamber is treated by the theory of adiabatic
waves,

h. Proedur'd and results. A gauge lcalibrated b7 a semi-static
method .gave pressure records in the tube that agreed- with the
theoretical equation of shock pressure as a function of charber
pressure.

Rdrefaction' velocities were measured' and explamed by tube
theory and::th.theory• of adiabatic waves.

Methods of, eliminating air, leakage in-quartz gauges are dis-
cussed and illustrated by. oscillograms.

Since.Reynolds t report appeared, .advances in tube work have. been made

along four lines: (i) tube design has been improved; (ii) a more accurate

method of determining shock-wave pressure has bean develope.d, in vihich shock

pressures are computed from shock-front velocity measurements; (iii) the

studies of' gauge. response under dynamic loading have been grealy extended

and (iv) improvements, have been made in the associated electronic apparatus

for recording gauge output. Tube design and the general thaory of shock-wave

pressure determination are discussed in Part I. The technique and r, s3lts

of velocity measurements are discussed in Part II. Part III deals with

- - piezoelectric gauges and the associated electronic apparatus.

.51 Payman, Proc. Royal Society A 120, 90-10 (1928).

. Payman and Shepherd, Paper A.C. 735 Physics/Ex 98.

S- The measurement of transient stress, displacement and pressure, by

C. W. Lampson, NDRC Report A-73 (SRD-756).

GC ON F I D E N T I A L



. ... .

C ON F'I D EN T I AL

I.. DESIGN AND THEORY OF THEBLAST TUBE

1 Tube design

The present calibration tube represents the result of. twQ..years of de-

velopment, during which time a number of designs and variations have boon

tried. This tube has proved satisfactory throughout a large number of ex-

periments extending from routine gauge calibrations 4es ociated with field

programs to laboratory studies of shock-wave phenomena by means of piezo-

electric gauges,. A photograph of the entire tube is shown in Fig. 1. The

internalcross section of the tube is a flat-topped circle to facilitate

easy mounting. of gauges flush with the inside of the tube. Here the tube is

set up for a calibration using reflected pressures, that is, the gauges are

mounted near the closed end of the expansion chamber. For calibrations using

incident pressures, the gauges are mounted nearer to the diaphragm and in

general the fore end of the expansion chamber is left open. hn incident

pressures are used the expansion chamber should extend far enough beyond the

gauges to prevent the rarefaction from the open end of the expansion chamber

from reaching the gauges before the flit part of the incident wave has

passed. This can be accomplished by interchanging the last two sections of

the tube in Fig. 1. Since the sections are belted together this can be done

readily; in fact the tube is designed so that several different lengths of

expansion and compression chamber can be obtained b7 proper combination of

individual sections.

Figure 2 is a drawing of the knife section "f the compression chamber

(the second section of the tube in Fig. 1). Figure 3 is a drawing of the

3-ft expansion-chamber so'ction containing the aontactor for initiating the

horizontal swcnep of the cathode-ray oscillograph (thj third section of the

tube in Fig. 1). Figure 4 is a drawing of the port or gauge section (the

last section of the tube in-Fig. 1). The first and fourth sections of the

tube in Fig. 1 may be used in either the compression or expansion chambers.

They are respactively.3 and-6 ft in length.-...Figuz -i a-driwing 6f the

clamps. These mt4<e it: possible to change tha- cellophane diaphragm between

shots with ease and rapidity. The end plate of the tube is also held by a

similar set of clamps so that it may be quickly removed between shots for

CONF ' D EN T I AL A L
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Fig. 9. Gauge port section and reflecting end plate.

4

Fig. 10. Tourmaline gauge mountings.
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blowig.1out the .shi-ttere iso the' ce lloph.ae--scatter~d throughout the

expans ion -chamber. . :

Figure .6 -shows the two ch anbers japaratod for inser-tinig the cellophane

diaphragm. Bef~ore. the,-shot tha presisure dn'the-'compreasion ch!:mber is

'--raised a h desired.'value b- -admnitting air from a cot~prssed:-air tank

(Fig. 1) through the 'reductionval-Ve. In Figs* 7 and 8-the-expansion chain-
-ber has, been disconnect~ed, from-the. claf~s -to .show~ the cellophane before and

after. it has. been. shattered by the; knife o Figures 9: and, 10C show two tourma-

-line gauges :being mounted jin th. .gauge, section. A drawing, of the mntnnting,
*ich- consists -of collars and 'pr pus ssonin Fig.-, I I Brass * screw

* collars are fitted onto the necks of the gauges, with enough.-rubber tape

--v~apped -aroun~d :the 'gauge necks to make a snug fit. These :collars are kept

.on the gauges. at all timas, and the field mounts of the gauges as well -as

the- port-plugs of thce shock~ tube are 'designed to take this fitting.. Thus

they may, be readily 'transf erred f rom the f ieild to tube f or' calibration,

-Ports in,*ch gAugeos 'rp not mounted are filled by solid plates'similar to

the one drawn in Fig. 11 but without the threaded hole in' -the' center,'

This bla.,st tube differs from the- origin-al one- used at Princeton in

several features, the most .outstanding of which is the much greater strength

and massiveness of the- new tube., The now design.has. four definita advantages

over the old: Wi the absence of soldered seamps in all but. 'the. gauge port

-' section greatly reduced the amount of workrequ irad in construction; (ii) the

seamles wals, toetherwith theimproved design of the port sactioak

it possible to use much higher -pressures; (iii) quartz_ gauge3s mounted

tightly in the new tub'je give very much better records than..in the old tube

owing to the added stiffnoss provided by the heavy stelin.5ert hihtns

to reduce tube vibrations; (iv) the new position of the imife make-s it pos-

sibl--f r the kQaif e point to re,.ch the diaphragm regardless of the -amount of

-- bulging..

The most satisfactory diaphragm material us-ed t6.date is a commercial

product kniown as1-o-4:-600 YZT'Red Zip Tape. It is the custom at Princeton

to use a singl, ;shaat of- cellophane for 'pressures -up to 25 lb/in in the

compression chamber, two sheets from 25 lb/inj to 40 lb/inj, three3 sheets

~/Made by the Do'bacloun Co., '3301 Monroe- Avenue-, Cleveland, Ohio.

K C.0 N F I DE N T ITA L



CON'FIDENTIAL - 20

from.nO lb/in . to 65Ib/in., four sheets from 65 ib/in , to 90 lb/in., and

five sheets from 90 lb/in. to 100 lb/inj The present tube has not been used

above 100 b/in. in the compression chamber:', but computations from the

strength and dimensions of the brass show that pressures up to. 350 lb/in2. in

the chamber would not produce inelastic deformation. The excess shock-wave

pressure produced by bursting the diaphragm at this compression-chamber

pressure would be around 50 lb/in . If the wave were reflected by closing

the end of the compression chamber, thq excess pressure behind the reflected

wave would be approximately 200 lb/in'.; this pressure would cause no in-

elastic deformation provided steel rather than brass screws were used for

fastening the end plate.

To obtain high shQck pressures it is advantageous to use reflected

waves rather than incident waves from higher chamber pressures since the

ratio.of incident to reflected pressures increases with pressure while the

ratio of incident shock pressure to chaicer pressure decreases.

The excess pressure in the reflected wave, Pr, is related to the excess

pressure in the incident wave, Pi, by

S2 7Pc + P
Pr = 2 .7?

where P is the absolute pressure ahead Of the incident shock. In the ex-

periments reported here Pc was atmospheric pressure.

The pressure Pr will act at the closed end of the expansion chamber

until (i) the arrival of the rarefaction reflected from the closed end of

the compression chamber or (ii) the arrival of a secondary reflection from

the variable-density region at the boundary separating the gas that was

originally 'in the compression chamber from the gas that was originally in

the expansion chamber.

The time t between the arrival of the incident shock at the closed end

of the expansion chamber of length Le and the arrival of the reflection from

the gas boundary is given by

t - / /' 1

wherey is the incident shock strength (that is, ratio of absolute pressures

ahead of and behind the incident shock)and ao is the velocity of sound in

the medium ahead of the incident shock. This time t will be the interval

C N01FIDENTIAL
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during which the pressure at the end of the tube will be Pr provided that

the ratio of the length of the compression chamber, Lc, to the length of the

expansion chamber, Le, is equal to or above a certain minimum given by

Le  6y) 4(y- V7T1 + 6y),,'

which is necessary to delay the arrival of the rarefaction wave from the

closed end of the compression chamber,

These formulas were derived from the simple theory of the formation of

the shock wave, but experiment has proved them quite adequate for design

purposes,

2., Tube theory

The simple theory of shock-wave formation given in Sec. 3 of Reynolds'

Sreporti/. is :inadequate for several reasons, the chief of which are the fol-

lowingo.

( ) The wave is not initially plane since thb cellophane is- bulged

out at thetime:it shatters (Fig. 7). In proceeding dovz 'the

tube the. wave becomes plane as the components of velocity normal

to the axis of the tube are cancelled by multiple reflections

from the walls of the tube. Thus the problem is originally

three-dimensional and becomes One-diensional only after the

wave has progressed a certain distance down the tube. However,_

the simple theory treats the problem entirelk from a one-

dimensional standpoint and con~equently represents only an ap-

proximation.

(2) The compression wave traveling into the expansion chamber is

not initially a shock because the diaphragm does not shatter

instantaneously. However, this compression wave will become a

shock after proceeding a certain distanoe down the expansion

chamber. Photographs indicate that the wave has become a plane

discontinuity after progressing less than 3 ft from the dia-
phragm. The final pressure in the step shock will depend on

the process by which the adiabatic wave becomes a discontinuity.
However, in the-simple theory* no analysis is made of-this

process.
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The closeness of the approximation will be a.measure of the degree to

which the actual proces.s of formalion of the shock wave approaches the simple

idealization.

The most direct method of determining shock pressures consists of meas-

uring the shock-fr .... ont valocity_2J and~qgmputing the..xcas8 shock pressure P

from the pressure-velocity equation

2P FV2 -7.1jP = 1

in which P0 is the pressure ahead of the shock, 7 is-,the ratio of specific

heats, and ao the velocity of sound in the medium ahead of the skock.

Three questions arise concerning the accuracy of pressures determined

in. this way.

(i) The validity of th.e pressure-velocity equation. This euation, is

derived from the Rankine-Hugoniot relations and thea ideal gas law."" The

Rankine-Hugoniot relations are the laws of conservation of mass, momentum,

and energy applied , to shock waves and are generally a-ccpted without question.

However, since the exporiments are done in air, which is-hot anlideal gas,

the assumption of the ideal gas law is to some extent-questionable. A sec-

ond approximation .to the real pressure-velocity relation' may be obtained by

using van der 11aals equation in the derivation insteadU of. the ideal gas law.

This will give the first-order correction term in the pressure-velocity re-

lation for a real gas.

The derivation of the pressure-velocity relation using van der Waals

equation has already been. reported2/ The result of the derivation was that

the assumption of a "van der Waals" gas rather than an.ideal gas would

change the computed pressures by an amount within the experimental e~rr of

blast-tube work.

(ii) The determination.of ao. The velocity-bf sound ahead of the shock,

ao, is determined from the formula

a - )0

/ "Pressure-velocity relations fbr shock waves in a van'der I'ffals
gas," by W. T. Read, included in AES-9 (OSR-5011).

C 0 N F I1DE N T I A L
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whereP 0 , /0 , and are the pressure, density, and ratio of specific heats,

respectively, in the medium ahead .of the shock.

The medium ahead of the-shock in the blast tube is a mixture of air and

water vapor. Letting the subscript a refer tO air, the subscript w to water

vapor, and the subscript o to the mixture we have:

vi . .. . - . q

gaCcntt an a is te moeu a eigh. Pa.Substituting" fo h C'adiiib e ban

+1 +

sTo determine a wause he relati'on hvOo PaCv + Qvw and. v
whincwhee C is are specific heats per unit masds at constant volume, R is the

rgas constant, and T is the molecular weight

Substituting for the Cvs and dividingby Rwe obtain da

gives

Usingthe ideal gas law Pon RT I we haveofo 7i

50

..... TTw (?a - . P

it '+ (7w: 1) P

!- "Since Pw is small in comparison with Pa we will droqp second and higher-order

;,:: .terms in PW P a, This gives f or, a O0

N Substituting the nume.rical values for the Y' I d 11,, s for air and water

gives

: a° =11, .1+ 0 1)49 , -1
0 1Pa 7 ,...

:i -If a is the velocity of sound in air at 0O°C and for zero humidity v.,e derive

> : ::, ' : - - C 0 N F I D E N T . - A L
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ao  as / + - 1 + 0.1h9
L

where to (00) is the temperature of the air ahead of the wave in the blast
tube. In the velocity experiments to was around normal room'temperature.

This derivation has assumed an ideal gas. However, the final result
would be unchanged if van der aals correction terms were introduced since

the corrections in ao .and a. would be approximately equal and would cancel

for values of to around normal room temperature.

(iii) The accuracy of the velocity measurement. This will be discussed

in Part II.

It has become customary to speak of excess shock-wave pressure P as a
function only of.excess compression-chamber pressure P0 " Actually P0 is in-
volved Ln the relation, P/Po being a function of Pc/Po. The variation. of P

with P0 for constant Pc may. be derived as follows:

P / Pc &P
.--. f -. 73... Pc f

- -%

P P P, P O-°Poof' --Po1 P aPc
FL '00 0 1C

a logP a I log P

To... l3g Po .log Pc"

Since a log P/8 log Pc is near to unity the percentage change in P will be a

small fraction of the percentage change in Pol In gauge calibration P0 is

atriospheric pressure and will vary by very small percentages. Therefore,
the change in P due to normal changes in Po will be negligible and P may
justifiably be regarded as a 'function only of P

coE .Ti A L,, L ..' . .i ...- : .' . . . ..
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II. TECHNIQUE AND REsULTS OF VELOCITY 11EASUREMENTS

1. Velocity techniques

The system of measuring shock velocity by means- of schlieren" pulses has
been previously desdribed owever, because of s6me changes that have

- been made in the technIque in applying it- to this particular shock tube, it

. seems advisable: to outline the prcedure' involved. In Figs. 12 and 13 A is

a section :of the tube having the same inside configuration as the'rest of

the expansion chamber. Four ports* a, b, c, ard d, ate' arranged in pairs at

right 'angles to the tube separated by 31 :in. Flat glass windows - in. in

diameter'are fitted into the ports in such a'way"as to cause as small a

disturbance as possible in the flow of the air inside the tube.' tight from

a . ertical, coiled filament is collimated '(n a narrow beam 3/8 in. high and

about 0.05 in. vide by two vertical slits., passes-across the shock Wb

through small -glass windows, and falls on a photocell' (type 931). A vertical

1-nife-edge on the opposite side of the tube from the light source cuts off

most Of the light beam. As the shock front crosses it, the beam is refracted

sightly-and the 'light on the photocell'momentarily: increases. -Thus an

electrical pulse is produced whose total duration has been found by a single-
sweep oscillograph and wide-band amplifier to be aboat 1.$ .sec (Fig. l).

The pulse'from the first light screen-met by the shock is made t6 start the

6hronograph while that from the second screen turns it off, The velocity of

'the shock is, of coiurse, the ratio of the distance between knife-edges to

the time measured.by the' chronograph,11 0 /

These photocells are followed by a preamplifier E (Fig. 12) and a-wide-

-band amplifier to amplify the pulse sufficiently to operate the chronograph. -/

-Because of the distortion in time intervals in this instrument a blanking

..10/ Photographic investigation of the reflection of plane shocks in
air, by L. G. Smith., NDRC Report A-35O (OSRD-6271).

.... A complete-description of this chronograph wil! be found in Short
A base line projectile velocity measurements, by R. J. Emrich and L. A.

Delsasso, N-DRC Report A-89(OSRD927).
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signal is applied to the control grid of the cathode-ray tube to give a tim-

ing signal every 5 psec 2

Several factors in this procedure may lead to incorrect results and it

may be well to mention them here. First, the light screens must be vertical

(or parallel to the shock front), the two lights must give parallel beams,

and the knife-edges must be parallel. It is also necessary to measure

accurately the distance between the knife-edges. It seems also advisable to

cut off equal amounts of the beam before it strikes the photocell. Inasmuch

as the noise level of the photocells and amplifiers is considerable, it is

desirable to get as well-defined a beam as possible with practically no

scattering.

Mounting the lights and knife-edges apart from the tube eliminates

heating of the tube and, with the knife-edges mounted thus, they are not af-

fected by the recoil. It is necessary, however, to have the tube secure, so

that the narrow windows will not move out of line when the tube is fired.

It is also desirable to photograph the chronograph pattern to facilitate,

easy reading of-the time interval. This can be done satisfactorily with

Super XX at f:6, exposing the film for just the initial flash of the cathode-

ray tube. The over-all accuracy obtained by such a system is certainly._

within 0.1 percent of the true velocity.

In the computation of the strength of a shock from its velocity it is

necessary to know the velocity of sound in air, correction being necessary

for both temperature and relative humidity. A calibrated thermometer .and.

thermocouples were placed inside the tube and removed just before the

* diaphragm was broken. Wet- and dry-bulb thermometer recordings determined

* the relative humidity. An accurate measure of the pressure in the compres-

sion chamber was necessary and this was made by means of a multiple manom-

eter, which will be discussed later.

2. Discussion of velocity results

With the apparatus that has been described, about 200 shots were taken

under various conditions and-at irregular intervals over a period from

June 26, 19h5, until Aug. 21, 1945.

12/ "Projectile velocity measurements with light screens and spiral
chronograph," by R. J. Emrich and L. I. Shipman, included in 0'B-9 (0SRD-
.4948).
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In tabulating results it has been found convenient to express shock-wave

pressures, computed from velocities, in terms of their percentage deviations

from the theoretical pressures given by the simple idealized theory of shock

V -formation discussed in Part I. It should again be mentioned that the theo-

retical pressures are only approximations and are not expected to agree with

*pressures computed from accurate velocity measurements.

Recording shock pressures in terms of their percentage deviations from

the corresponding theoretical pressures makes it possible to present results

in a simple nondimensional form and, at the same time, to indicate the de-

* gree to which actual shock formation approximates the idealized picture.

In all cases pressures determined from velocities are lower than the

theoretical pressures. The recorded values of percentage deviation repre-

sent percentages below theory and are, therefore, always positive.

*._ (a) First set of. shots, -- The first set of shots was made u ing

alternately either a 9-ft or 3-ft expansion chamber preceding the velocity

section (about 10 ft. and 4 ft, respectively, to the center of the velocity

baseline from the diaphragm). The shots were made over a compression-

chamber pressur.e. range of 7 to 73 lb/in. and were-done ia more orless

random order, which would give an indication of -the scatter overa period of

time. Curves 1 and.2 of Fig. 15. are plots of the data -taken at -0 ft and

4-2 ft, respectively, from the diaphragm, showing the percentage difference

(100 AP/Pt) below the theoretical pressures computed from simple theory, as

a function of compression chamber pressure Pc. The standard error for every

set of shots is ,shov and is seen to be of the order of 1 percent. Smooth

curves are drawn through each, of the two groups of data and"root-mean-square

deviations were computed for each of the curves, giving I.4 percent for

Curve 1 and 0.9,.percent for Curve 2. From these smooth curves, Table I was

prepared.. The first column gives the chamber pressure Pc (Ib/in2-); the

second, the theoretical shock-wave pressure Pth the third, the measured.

shock-wave pressure at 101 ft, P1o; and the last, at ft, P4. A plot of

these last three columns as a function of the. first, appears in Fig. 16. It

is quite evident that the differences in pressure between the two lengths

diminish as the pressure increases, the difference being 6 percent at the low

end and 31 percent at the high end.

C 0 N F I D E N T I A L
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A comparis6ni of these results • vith the calibration of L. G. Smith' s

* rectangular, tube I- / is of interest.

In .the,; rectangular tube large pressure ratios were obtained f or rela-

, tively Iow pressure differences by evacuating the expansion chamber. By

this technique pressure ratios were obtained that would have required 2200

lb/in . in the compression chamber had the expansion chamber been left at

atmospheric pressure. The. velocities were measured at a distance of 6 ft

from.the diaphragm. The value of sound velocity a. used by Smith was ap-

proximately 0.5 percent low due to neglect of humidity and use of an incor-

rect value for the velocity of sound .at 0C. Table II gives Smith's results

scaled to an expansion-chamber pressure of 1h.7 lb/in. and corrected for the

velocity of sound. In making the correction, a humid-ity of 60 percent, con-

sidered reasonable since the experiments were performed in summer, was

assumed-. The third column in Table II gives the. deYiation of Smith'.s re-

sults from theory. As in all. references to deviations from theory, it is

understood that the deviations are measured. in the negative direction; that

is, experimental .pressures are always lower than theoretical.

Between compression-chamber pressures of 7 and 40 lb/in. the results on

the rectangular tube are within 3 percent of the results obtained at 4 ft

in.the-present tube. Above 40 lb/in. in the compression chamber, the dis-

crepancybetween the tubes is somewhat greater and at 70 lb/in is around

.6 perceit, the rectangular tube-giving results nearer to the theoretical,

that is, higher.

Smitht s. results were obtained without the use of a blanking signal on
the chronograph. It is now known that this omission could cause as much as

0.3 percent error in the chronograph reading. This error, in turn, could

cause errors in pressure from 4 percent at 7 lb/in . to 1 percent at 70 lb/in .

in the compression chamber.

Comparison of the present data with the results of two previous programs

of velocity measurements in gauge calibration tubes is also of value.

In September 1944-L/ shock-front velocities were measured at 41 ft from

the diaphragm in a tube of the same internal cross section as the present

tube but Pf the, older design and construction. The velocity-measurement

setup was the same as the present one except, that narrow cellophane-covered

slits were used instead of glass windowrs in the velocity section. Also, no

C 0 N1 iE ID ~T I j-A L
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Fig. i6.Shock-wave pressure vs compression-chamber pressure in blast tube.
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Table:I. Theoreticalaand measured shock-wave pressures
versus chamber pressure.

(b_ 
_ _ _ _ lb/in2) lbjin ) lb 2

7 3.115 2.7-19 2,905
8 3.510 3.089 3.271
9 3.885 3,439 3.614

10 14.26o 3c-783 3.964i! :'11 4. 620 4 ,11 2 4.294

12 4.980 i.)4o 4.626
13. 5.325 4.750 4.942

I 14 5.670 5,°056 -. 257
15' 6.oio 5,351 5.565
.16 6.335 5.632 5.857
18 6.975 o o 187 6.435
S20 7575 6.704 6.990
.22- 8,17. 7.21 7.52
214 8.7)4 .7,,69 .8.02

26:- 9,30 8,16 8.51
28 9583 8,60 8.98
30 10-3h 9.03 .9 .42
32 10.86 9.465 9:88
36 11 .. 82 10.26 10.71
40 12.73 . .11.00 11.49
144 13.67 11.73 12.25

* . 48 1)4.0 12 41 -12.94" 52 '15.27 1.3.o4 13,62

681 18.25 15 63 7 1,6.0 1
76. 1968 1 6.41 17;04'

Shock-wave pressure at 10 ft-

SShock-wave pressure at )41 ft.

Table II. Results in rectangular tube with evacuated expansion chamber,

Pressures scaled to an expansion-ch--}ober pressure of 14.7 !b/in2

"Pc __
l

___ Pshock

( 2b/in ) [ (lb/in 2 ) Percentage Below
I_ __ __ i --Theoretical Value

5.98 2.38 18.85
8.75 3 .46 8.95

12.22 4i67 7.52
16.64 6.06 7.48
29.85 9.52 7.48
39.64 I t.7.42
53.04 11.37 7.29
71.77 17.60 6.68

100.14 21 .614 6.40

C 0 N F I D E N T A L
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blanking signal was used and the humidity was not measured. The results,

which were quite consistent over the range of pressures used (10 to 14 lb/in .

in the compression chamber), gave shock pressures around 4 percent beloW-the 31

theoretical values. The correction for humidity would make the shock pres-

sures approximately 7 percent lower than theory. This agrees well with

present results. /

In the September 1944 tests, shots were taken to determine decay of the

shock pressure for a chamber pressure of 10 lb/in2  The results showed only

0.6 percent decay between h! ft and 7 ft from the diaphragm. This is less

than would be predicted from present data which show 4 percent decay between

QZ ft afi 10 ft from the diaphragm at a chamber pressure of 10 lb/in
2.

In-December 19442/ velocities were measured using the same expansion

chamber 'and velocity section used in September Y-ith the present compression

chamber. Humidity was measured but no blanking signal was used. Table III

gives the percentage deviation from theory for the December results together

with the corresponding deviations for the present data. The agreement at

the four lower pressures is quite encouraging. At the two higher pressures

the December measurements of chamber pressure were made with an Ashton gauge

of the B'ourdon type, which is less accurate than a manometer, This may

account in part for the discrepancies (maximum of 3.3 percent) at the higher

pressureb. In summarizing the comparison of different calibrations at dif-

ferent times and for different tubes the following conclusions may be dramn:

(1) For compression-chamber pressures of 7 to 40 lb/in . and at 4
to 6 ft from the diaphragm all of the results on all of the

tubes used, including the rectangular tube, agree ..iithin 3.3

percent if the earlier results are corrected for humidity. Of

the several calibrations the most recent is regarded as the

most reliable. The earlier results are less--&6;tain because

of the absence of a blanking signal on the chronograph.

(2) For compression-chamber pressutes from 40 lb/in- to 70.lb/in2.

the most recent and only results are a maximum of 6 percent

below (further from theory than) results obtained at the same

pressure ratios using a rectangular tube with the expansion

chamber evacuated. It is not kno.n whether this difference is

due to -he difference in shape of the tubes, to the difference

0 0 N F I D.E N T I A L
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in initial expansion chamber pressure, or to some experimental

error.

(3) Recent results indicate a decay of shock-wave pressure of 3 to

6 percent between 4 ft and 10 ft from the diaphragm. The

.reason for the decay is not known. Some earlier results based

on fewer shots show a smaller rate of decay and suggest that

the decay may depend on the tube.

Table III. Previous velocity measurements* compared with present data.

SPth IOOAP/Pth
-- (lb/in2) (lb/in.) Previous ita Present Data

7.62 3.11 7.5 6.8

10.02 3.99 6.5 6.95

12.38 4..80 6.1 7.2

lh.62 5.53 5.9 7.35

* 25.5 8.55 6.2 8.5

35.5 10.99 6.1 9.35

Taken from Table I of "Determination of shock-wave pressure in the
blast tube as a function of compression-chamber pressure," by W. T. Read,
included in AES-5 (OsRD-451L).

It is suggested that anyone constructing a blast tube (and not desiring

to measure velocities) calibrate gauges at L2ft from the diaphragm,where

the pressure is fairly ell known and apparently independent of the tube,

and then use the calibrated gauges to investigate the distribution of pres-

sure farther down the expansion chamber.

(b) Shots made to determine effect of-varying number of sheets of

cellophane. -- Two groups of shots were made to determine the 'effect of

varying the number of sheets of cellophane used. The first 9 shots were

made with a pressure of 10 lb/in. in the compression charber using 1, 2, and

3 pieces of cellophane (3 shots each) and the next 8 were at 15 lb/in. using

also 1, 2, and 3 pieces (the breaking point of one piece was known to be at

about 20 lb/in ). In none of these cases was the deviation in shock pres-

sure observed greater than 0.8 percent.

CG N:F I D E N T I.A L
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Note that the September testsv " showed that 'when a large handful of

small pieces of cellophane was scattered throughout the tube the shock-wave

pressure decreased by 1 .5 percent. From these experiments it was 'concluded

that bits, of shattered cellophane should be. cleared from the tube frequently,

but not necessarily after every shot since the amount of cellophane accumu- 41

lating from a single shot is extremely small.

The September tests also showed that when the 3-ft section ahead of the

velocity section was turned through 600, thus introducing a pronounced

irregularity in the cross Section of the tube, the shock pressure decreased

by 3 percent. Since so large an irregularity caused only a 3-percent dis-

.crepancy,. it was concluded that. minor local irregularities would have a

negligible effect. However, it should n6t be concluded that a continuous

curvature in a long tube would have no effect; until this' question has been

fully investigated it is felt that care should be taken to make the tube

straight.

The, December tests showed that shock-wave pressure is independent of

temperature. It has also been shown theoretically that variations in the

carbon dioxide content of the air, small. differenqes in.temperaturz2between

compression chamber and expansion chamber (less than 5 deg C) and deviations

-of the air from an ideal gas, introduce errors all less than 1 percent.

(c) Effort to measure velocity of shock reflected from closed end of

tube. - For the next set of experiments the knife-edges were reversed and

an effort was made to measure the velocity of a shock reflected from the

closed end of the tube.. The expansion chamber used was IL4 ft long, the com-

'pression chamber. 5 ft, and the center of the velocity baseline was 10- ft

from the diaphragm. These dimensions were. chosen so that the reflected

shock front had passed the second knife-edge some time before either the

tempr t.& d166ntinuity",or th e rarefaction.from the compres, ion chamber

reached the knife-edge.

The excess pressure behind the reflected wave, Pr, is related to the

reflected shock-front velocity, Vr, by .. .

' r 0 Vr ui ,

where u. and a. are, respectively, the particle velocity and the velocity of

C0 1 1 NT -
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sound behind the incident shock, Pi is the excess incident pressure, and P

is the absolute pressure ahead of' the incident shock. In these experiments

Po was atmospheric-pressure.. Sinceui and ai-are givbn by

( u 2 25 
p2

(u) 1 2 P1(P + 6?i.)

(ai o I 2.O +

.i7PO + 6Pij

wrhere a 0is the velocity of sound ahead of the incident shock, we have for

00

r r'P i'~ 7~ P074

6(P. + 7P*)L[a 0tP(6 1 0 6

The incident pressures were determined from Table I; P and a0 -vre deter-

* mined as in the previous experiments; and Vr was measured as described in'-

the foregoing. The values of P r obtained in this way from 12 shots at 3
different pressures are recorded in Table IV as P r(frieas)"

The foregoing formulas depend only on the Rankine-Hugoniot relat~ions

and the ideal gas lawv. If, however . we add. the condition that the Tarticle

velocity at the reflecting wal rnu~t be zero, then it is possible tob derive
the following relation which does not depend on Vr:

Pr 2PiGP

Table IT. Velocity measurement of reflectedL shock-wave -pressures,

r.th)I Pr(meaS r(th) r r(me aq)

9.33 3.57 7.85 7.0 t b.02 4
'14.7 5.24 i 12.0 11.39 t±0 .035.

19.1. 6.49. 1 -5 2 1)4.29 1± 0.07 6.3
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Values. of Pr determined from-the P i's in Table I by this formila are re-

corded in Table IV as Pr(th)' and are around 5 percent above the corres-
ponding values of P r(meas)" It is well to point out here that these results

are tentative and it is regretted that because of limited time more work was

not done to determine this difference (if it is a real difference) over a
wide range of pressures, expansion chamber lengths, reflecting walls, and so

forth.
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III@ PIEZOELECTRIC GAUJGES, ELECTRONIC APPARATUS,_ND OTHER EQUIP}J1NT

1. Characteristics of flush and wafer quartz gauges

(a) "English" gauges. -- The first quartz pressure gauges used at the

Princeton Station were similar in design to the gauges developed in England,

particularly at the Road Research Laboratory. They consisted of a heavy

steel case with a cylindrical well in which the crystals were set, covered

by a closely fitting steel plunger. These gauges have been described in

more detail in previous reports4. Their chief fault was air leakage around

the plunger, which required careful sealing of the face of the gauge with

grease, rubber diaphragms, or other means, since the edges of the quartz

crystals must be protected from pressure in order to obtain any response..

(b) The Smith gauge. -- The second general type of quartz gauge con-

structed at the Princeton Station was designed by L. G. Smith, to provide a

permanent sealing of the interior of the gauge from external pressure. This

-was accomplished by adding a flange to the sensitive face plate of the gauge

and placing a rubber gasket between the flange and the gauge body. Several

designs were developed, involving minor differences in such matters as the

number and arrangement of the gaskets. A typical design is shown in.Figs.

17, 18,. and 19.

The response of these gauges to shock waves was found to be subject to

vibrations of considerable magnitude, with a frequency of the order of 10 to

20 kc/sec, unless the gauges were carefully made and adjusted in assembly.

The contact between the crystal and the electrodes is maintained in these

gauges by the.net pressure exerted by the compressed rubber gaskets and was

found to be. quite critical. The easiest way of adjusting this pressure was

found in practice to be the addition of'layers of lead foil, from 0.001 to

O.005 in. thick., between the elements of. the crystal pile until, a mini='n of

vibrations or "hash" was observed. Gauges of this design, constructed withbrass

cases, were called type "S." A few-gauges ef the same design, but with

steel cases, were called type "T."

1/ The measurement of transient stress, displacement., and pressure,
by C. W. .Lampson, NDRC Report A-73 (OSR3-756); Small chargo air blast ex-
periments, by-G. T. Reynolds, NDRC aoeport A-191 (OSRD-1518); and A.R.-D
Explosives Report 48/4.
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A variation of the .design, labeled type 1"R," is shown in Fig. 20. Th,

plug which screws in from the back allows easier adjustmant of the pressure

holding the crystal pile together, but also makcs the gauge more subject to

changes in behavior, due to possible loosening of the plug under field con-

ditions. An improvement is the incorporation of set screws to hold the plug

in position, which can be done without difficulty.

Quartz gauges of these types wore used in several field programs at the

Princeton Station Proving Ground (notably the ground reflection and Hlach re-

flection investigations. and in shock-tube measurements. Over a period

of months they were found to be subject to capparently erratic changes in

sensitivity when calibrated in the shock tubs, the cause of which was not
determined until W. T. Read observed that the sensitivities of both quartz

and tourmaline gauges varied with temperature in some cases as described in

AES-100

Further investigation of this phenomenon in the type "R" and type "S"

quartz gauges showed that the temperature dependenc3 was not a direct func-

tion of temperaturj but that hcting or cooling produced permanent changes

in the properties of the gauge. (In this respect the effect is different

from that observed in tourmaline gauges.) Figure 21 shows the behavior of a

gauge during a typical sequence of tests. It was observed that tightening

or loosening the gauge (increasing or decreasing the static pressure on the

crystal pile) produced changes in sensitivity similar to those produced by

temperature changes. Hence it is now believed that the temprature effect

is in fact a static pressure effct, duo to changes in the static prqssure

on the crystal pile produced by differenti.l expansion of the case and the

components of the pile, combined with a packing of the lead-foil layers or

of the rubber diaphragms, which makes the changes irreversible. Since a

search of the literature has indicated that the piezoelectric constant for.

14/ "Peak pressure d-pendence on height of detonation," by A. H. Taub,

included in AES-1 (OSRD-4076).

"Impulse dependence on height of detonidtion," by R. G. Stoner and A. H.
Taub, included. in--AES-2 (OSRD-41l7)..

"Mach reflection of shock waves from chargjs detonated in. air," by
R. G. Stoner, included in AES-3 (OSRD-'-257)'.

1,1 "Effect of temperature on gauge calibration," by W. T. Read; in-"
cluded in AES-IO (OSRD-5144).
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*Fig. 17. Type 'B' gouge asombly with waterproof-,cable'ho~si1,

Fig. 18. Axsembled type, "8" gauge.
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X-cut quartz crystals is essentially constant over the range of temperatures

and pressures involved it is clear that the variations observed must be

due to the mounting of the quartz .in the gauge rather than to the properties

of the crystal itself. A suggested explanation is that the static pressure

. affects the contact between the quartz and the parts that serve as electrodes,

and alters in some way the magnitude of the effective charge collected. A
layer of 1-mil lead foil, at least, was always used on each face of the

crystal to provide better mechanical contact, but this may not be sufficient.

Experiments with polished crystals and electrodes and with sputtered or

plated crystal surfaces showed very little consistent improvement. Other

explanations, such as bending of the crystal from distortions of the case,

have also been proposed, but the phenomenon is apparently quite complicated

and no completely satisfactory explanation has been found.

(c) The wafer gauge. -- With the idea in mind of producing a quartz

gauge that did not depend on a pressure contact between the crystal and the

electrodes, experiments were begun on a design originally suggested by

W. Bleakney. Since the d12 constant of quartz is equal to -d,,, equal pres-

sures on the X- and Y-faces of a quartz crystal produce no net charge on the

X-face. Thus the minimum housing required for a circular X-cut crystal is a

guard ring to protect the edges of the crystal from exposure to pressure,

while the X-faces are exposed. Through the courtesy of the R.C.A. Labora-

tories at Princeton, several crystals had been coated with a copper layer

plated on a baked silver surface, which could be soldered with Wood's Metal

without destroying the bond. A gauge design employing these crystals is

shown in Fig. 22. This has been named the wafer gauge.

In'assembling.the gauges, the positive faces of two crystals were

first tinned heavily with tood's Metal, using very weak hydrochloric acid as

a flux, and sweated together by heating on a hot plate to a temperature just

above the melting point of the 14ood's iMetal, using a weight to force out the

excess metal. The outer faces of the two crystal piles were then tinned and

the edges of the crystals carefully cleaned by filing and rinsing with

acetone or alcohol, followed by distilled water. Using Wood's Metal and a

I/ See, for oxample, A. Scheib, Piezoel6ktrizitt des Quarzes,
(Dresden and Leipzig: T. Stoinkopff, 1936); and A. Langevin, J. de Physique
et le Radium (7) 7, 95 (1936).

-C 0 N F I D E N T I A L
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.cool iron, a length of No. 24 bare copper wire was then soldered to the-ex-

posed edge of the joint between the two crystals around the entire circumfer-

ence and allowed to extend for about 4 in. to form a lead to the center

electrode. A length of vinylite insulation was slipped over the extending

wire and pushed down as close to the crystals as possible. The edges of the

pile-were then coated with Duco cement, to complete the insulation of the

center conductor. Duco was chosen because it dries quickly and apparently

stands heating to the temperature required during the remainder of the

assenbly of the gauge (< 10000). A coil varnish would perhaps have more

satisfactory insulating properties, if sufficient time were allowed for it

to dry without baking, since the crystals must be kept below the melting

point of Wood's Metal at this stage.

The inner surfaces of the two copper diaphragms were then tinned with

Wood's Metal and one was sweated onto the guard ring, to Yhich the stem had

already been fastened with ordinary solder. The amount of tinning on the

diaphragms and the outer faces of the crystal is quite critical, since there

must be enough to provide an all-over bond between diaphragm and crystal,

yet not 6o much that drops squeeze out and fill the space between the

crystal and the guard ring, shorting the gauge by making contact with the

center electrode. The Duco covering helps prevent this. For the final

assenbly,, the crystal pile is placed in the -gauge with the lea&, wire threaded

through the stem, the second diaphragm is put in place; and the whole gauge

is put between two cylindrical blocks with flat ends having the same diar-

eter as the diaphragms to insure all-over contact, A weight' of about 25 lb

is placed on the u per block. The whole assembly is than. heated to a ten-

perature :slightly above the melting point of. Wood's letal (700 to 10000) and

then allowed to cool with the weight in place. kn ohmmeter connected across

the gauge terminals during this phase of the procedure will show whether the

gauge becomes shorted during the heating.

The last step in th2 construction of the gauge consists of touching up

the joint around the diaphragm with extra 4ood's Lietal applied with an iron

to insure a complete seal,, after which the excess is filed off and the gauge

polished to a smooth contour. Photographs of gauges in the various stages

of assembly are, shbmi in Figs. 23; 24,'and.25.

C O'N'FI DE N T IA L
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Tests in the shock tube of the first of these gauges assembled showed

several faults. Several vibration frequencies were apparent, one of some-

what less than 1 kc/sec, and the others of the order of 5 to 15 kc/sec. The

latter particularly depend on the alignment of the gauge relative to the in-

/ cident shock, varying in amplitude from about10 percent of the doflection

amplitude when the gauge is placed accurately side-on, to about 50 percent

-for a gauge rotated 150 from the side-on position. A rotation of as little

as 20 from the optimum alignment makes a noticeable difference in the ampli-

tde of the vibrations.

The lowest frequency of vibration was thought to involve bending of the

stem where it joined the. gauge, since the first stem designed was much

thinner at this point than the one showvn in Fig. 22. The heavier stem re-

duced this trouble. Ven second and third gauges were made, care was taken

in assembling the crystals to line up the optic (Z) axes of the crystals

(which le parallel to the X-facs) parallel to each other in one gauge, and

at right angles in another. The gauge with the Z-axes parallel was found to

* be less subject to vibrations and to pressure on the supposedly insensitive

parts of the case than the other gauge. WYhile this is not a conclusive

test it is an indication that this orientation of the crystals may be

preferable.

The crimp pressed into the diaphragms, partly to make it easier to

center ,the, rrystals in assembling the gauges, was also found to be important

in making the gauge insensitive to pressure on the edges of the ring. The

crimp apparently helps isolate the crystals from shearing stresses produced

'by deformations of the guard ring. A gauge assenbled with flat diaphragms

proved to be very sensitive to tapping on the edge, 'as sensitive in some

spots as on the faces themselves.

The sQcond fault, observed in the first wafer gauge, was an upward

* slope in the top of the response curve when a flat-topped pressure wave was

-applied. This was -found to be a pyroelectric effect, resulting from the

heating of the thin copper diaphragm in the high-temperature region follow-

ing the shock. A rough computation indicated tha.t a temperature rise of

I dog C at the surface of the crystal was possible even with a shock of

only 3 or 4 lb/in . Expansion of the diaphragm would produce a tension along

the Y-axis of the crystals which would add to the charge observed on the

C 0 N F I D Z N T I A L
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X-faces.. A sharp pulse could easily be observed by sweeping the gauge

rapidly through a bunsen-burne r flame . An insulating layer produced by dip-

ping the gauge several times in rubber cement eliminated this effect satis-

factorily. Later a coating of Bostik cement applied by dipping wVas also

used, providing a much neater covering.

A series of measurements of gauge sensitivity as i function of shock

pressure, using both direct and reflected shocks, was made in the same man-

ncr as will be described in Sec. 2 of this Part for tourmaline gauges. The

results for two gauges are shown in Fig. 26. There is considrable scatter

in these measurements, and any interpretation of the results must be made

cautiously. It does app--ar, howevr, that the varia tion in gaugj constant

with pressure is more nearly the same for direct and reflected shocks than

in the case of tourmaline gauges. Thus the gauges apparently have an in-

hernt nonlinearity while the suggested nonlinjrity du c to thJ Bernoulli

effect (see below) is much reduced, as would be expected since the wafer

gauges arc considerably better streamlined than arc the tourmaline gauges.

Ono series of tests -was made with the best wafer gauge that was con-

structed, to check variation of sensitivity with temperature. The gauge was

calibrated with several shots at room temperature (about 26.4 0C) and then

immersed in a bath of melting ice for 8 min. It was then replaced in the

tube and recalibrated as quickly as possible, a series of shots Deing taken

at frequent intervals as the gauge returned to room temoerature. These re-

sults are plotted in Fig. 27, where the ordinate isth, ratio of gauge

sensitivity kt at time t to the sensitivity k ° determined iimmediately before

the gauge was cooled, plotted against time in minutes, counted from the re-

moval of the gauge from the bath. It is apparent that the extreme changes

in sensitivity with temperature observed in the "Rii and "S" type gauges have

been eliminated in the wafer gauge.

In other respects, the wafer gauge comoars not unfavorably wtl the

earlier quartz gauges, and while it has not been subjected to any field

tests, it is felt that it at Lcast offers a promising basis for further

development.

2. Response of tourmaline gauges

Ten tourmaline gauges that gave good or fairly good records in -the blast

tube were calibrated over a range of temperatures between 100 and 45C.

. .. F I D E N 11 A L
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Average changes in sensitivity k with temperature varied from 2.3 %/deg C to

no change at all over the entire interval. In every case where a change

occurred, the k decreased with increasing temperature. There -was no corre-

lation between the excellence of the rec~ords given by a gauge and the con-

sistency of its calibration at different temperatures.

Four new tourmaline gauges of the central brass-tab design shown in

Fig. 28 (gauges No. 973, 1000, 1001, and 1003 made by the Stanolind Oil and

Gas Company) were calibrated at three different temperatures. The records

from these gauges were exceptionally good and the results for the most part

were quite consistent. There was no evidence of variation of gauge constant

with temperature.

The fact that the gauges of newer design gave a constant calibration

suggests that the effect of temperature on tourmaline gauges is character-

istic only of old and much used ones, or of gauges of inferior design or

construction. However, of the older tourmalina gauges, those sho0ving a

temperature effect vere in no way distinguishable from the ethers except by

actual calibration at different temperatures.

The influence of temperature on gauges will affect the reJsults of a

field program in two ways. (i) There will be random scatter in recorded

pressures throughout the program, due to shot-to-shot variations of tempera-

ture. (ii) Since it is improbable that the gauge calibration for a program

would be done at exactly the average temperature of the pressure measure-

ments ,there wvrill be an error in the best-fit curve or curves for th pro-

gram. The magnitude of this latter systematic error will dep nd on the dif-

ference between the calibration temperature and the average temrrature for

the pressure measurements.

(a) Character of records given by quartz and tourmaline gauges at high

incident and reflected pressures. -- After the construction of the present

tube (Figs. 1 to 5), which can take much higher pressures than the original

design, the first experiments to be performed were tests of both quartz and

tourmaline gauges over a wide range of pressures. Both incident ann re-

flected pressures were used, th2 incident pressures ranging from 3 to 20

lb/inj and the reflected pressures from 14 to 40 lb/in .

A great difference was noticed in the beh-avior of quartz gauges in the

old and new tubes. In the old tube it ,,.as necessary to mount the gauge as

C 0 N F I D E N T I A L



-53- Confidential

___ WM.AESTEVL ME

r.,- E: r IVL-T

-TO Ur-M A L I ,4 F 14

Fig. 28, Cutaway view of tourmaline gauge construction, cantral
brass-tab gange.

Confidential



Confidential -4

0

0 0 0~

to "q

44

00

-H-

44'

Confident



55 - C 0 N F I D E 1 T I A L

* loosely as possible in the tube to obtain traces that were at all satisfac-

tory, In the new tube, -which is much more rigid and more massive (because

of the solid piece inserted to give the noncircular cross section), almost

vibrationless records were obtained by clamping the gauge rigidly to the

tube.

The older tourmaline gauges gave very irregular patterns when subjected

to high incident pressures. However, the same gauges gave excellent records

for much higher reflected pressures. This would indicate th.t the irregular

patterns given by tourmaline gauges are duo, not to the high pressures but,

perhaps, to the high particle velocity since the particle velocity behind

the incident shocks increases with shock pressure while the particle velocity

-behind reflected shocks it zero for all pressures.

Gauges of the new central brass-tab design (Fig. 2) give much better

records for incident pressures than did the earlier gauges. This is prob-

ably because of the added stiffness in the neck of the gauge. These gauges

give almost perfect records for incident shocks below 10 lb/in excess pres-

sure. For incident shocks between 10 and 15 lb/in . the records are quite

readable but slant downward. Above 15 lb/in. the records become more slanted

but are generally usable. At or around 20 lb/in . in the incident shock it

is almost impossible to obtain satisfactory records. In all cases the

oscillograms are measured to the intersection of the initial rise with a

line through the mean of the gauge vibrations (see Figs. 29, 30, 31, and 32).

The hump at the end of the stop in Fig. 32 is a reflection from the gas

boundary.

Both quartz and. tourmaline gauges gave steps with somewhat founded

corners for high reflected pressures. The amount of rounding increased with

pressure. No satisfactory explanation of this effect has yet been found.

It was thought that the rounding might be due to deformation of the j-in.

brass end plate, which would cause a temporary relief of pressure at the end

of the tube. However, this explanation was refuted when the same rounding

was observed with a 5-in. steel end plate.

(b) Response as a function of pressure level. -- Four of the new brass-

tab design gauges were calibrated over a range of both incident and reflected

pressures. Three shots were taken on each gauge at each pressure. The

averages of the three determinations of k are plotted against pressure in

CONFIDENTIAL
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Figs. 33, 3h, 35, and 36. The results show that k decreases with pressure

when incident pressuras are used but is almost constant with pressure when

reflected pressures are used.

Again the effect of particle velocity is suggested. The pressure that

is used in computing the gauge constant is determined from the chamber pres-

sure and from a plot of shock pressure versus chamber pressure based on

velocity measurements. Daring the velocity measurements no gauges are in

the tube. Thus the pressures used in computing k's are the pressures that

would be produced if no gauges were in the tube. However, the presence of

the tourmaline gauge projecting into the tube will distort the streamlines

and cause a local variation in Dressure at the gauge. Thus the pressure

actually acting on the gauge is not the pressure that would act at the same

point in the tube if no gauge were there and it is the latter pressure that

is determined in velocity measurements and used in comaputing gauge constants.

Since the presence of the gauge will increase the local particle veloc-

ity, according :to Bernoulli's theorem the pressure on the gauge will de-

crease. This. will make the gauge appear to be less sensitive at higher
.pressures, wvhich is actually what is observedI/

For reflected pressures there is no particle velocity, and no variation

in gauge sensitivity would be expected.

ThP foragoing explanatibn in terms of distortion of streamlines and

Bernoulli effect is admittedly speculative but it accounts well for all the

known facts, and in any case it seems very probable that the response of a

gauge that projects into the tube is significantly affected by particle

velocity.

17/ These results are confirmed by blast-tube results at the Under-
water Explosives Research Laboratory (U.E.R.L.), "Characteristics of air-
blast gauges: Response as -a function of pressure level,." by A. B.*Arons,
C. W. Tait, G. K. Fraenkel, and K. id. Doane, included in A16-8 (OSRD-4875).
Air-blast experiments by U.3.R.L. indicate that the response of the gauges
to shock waves in the tube is substantially the same as to the "free-dir"
shock wave produced by high explosives. See "Characteristics of air-blast
gauges, II: Response as a function of pressure level," by C. A. Tait and
W. D. Kennedr, included in AES-11 (OSRD-5271). A theoretical treatment of
this problem is presented in "On the estimation of perturbations -due to flow
around blast gauges," prepared for the Applied M{athematics Panel, National
Defense Research Conmittce, by th,. Applied I.Iathlm Ltics Group, New York
University.
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This conclusion is supported by tests of a tourmaline 'gauge that is

mounted flush with the tube wall and therefore does not disturb the shock

wave. The results of tests of this gauge over a range of incident and re-

flected pressures are plotted in Fig. 37. The agreement between the points

obtained using reflected pressures and the points using incident pressures,

and the lack of dependence of both sets of points on pressure levol indicate

the consistency that can be obtained when gauges arc not subjected to any

normal components of particle velocity.

3. Electronic apparatus

The essentisl apparatus contained in the present single-sweep equipment

used for measuring transient- pressures is shown in Fig. 38 and consists of

the following pieces (numbered as in Fig. 38):

1 Timing oscillator
2. Calibration unit and distribution panel
3. A four-cha.nnel pre-amplifier
4. Four I'modified" ,Mont 175A cathodelray oscillographs
5. Four camera boxes
6. Power supply for pr-iamplifiers
7. The triggr circuit for bem intensification and

sweep circuit
- 8. Initjqtjng txigger circuit and circuit for delaying

the calibrating relay
9. FiringAircuit"
10. Intercommunication set
11. Motor ganarator for convurting a.c. to d.c. for the

camera solenoids

Most of these or similar pieces have been described in a previous report-/

hence only radical changes in each will be discussed in detail.

(a) Pre-maplifier section. -- The pre-amplifier section (see Fig. 39)

consists of two amplifier stages preceded by cathode followers directly

coupled to the amplifier grids, a cathde-followr outout stage, and a phase-

inverter stage for inverse feedback. The advantages of cathode followers

hbtween amplifier stages are.-

18/ The measurement of transient stress, displacement and pressure, by
C. W. Lampson, NDRC Report A-73 (OSRD-756).

j_9 Ultra-high-frequency techniques, by J. G. Brainord (Van Nostrand,
1942) pp. 221-222.
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(a) a high input resistance to the amplifier allowing the use of
larger. grid-leak resistors to obta.in larger time constants,

(b) a low input capacity allowing the use of larger amplifier
plate loads for the sam frequency response.

The advantages of the- feedback ci]cuit arc.2/

(a) a greater frequency range,
(b) a greater stability of amplification,
(c) a smaller amplitude distortion.

Measurements made with tho gain control set at a maximum (minimum feedback)

indicate a frequency response that is essentially flat in the middle range,

falling off 3 db (approximatjly 30 percent) at 0.1 cycl,i/sec. at the low end

and 3 db at 150 kc/sec at the hi,;h, with a ga.in of 4 8 db (approximatcly 250

times) and a maximum distortionliss output of about 2 v peak in either direc-

tion. An attenuator with approximately 2 db per ste-p is maide by varying the

inverse feedback. It is thus frequency-discriminating, the worst response

being that described.

Ther, are some disadvantages to suQh a wide frequency band, nrmely, in-

creased noise (tube, resistor, and microDhonic), greater dr-ift, and a longer

time to come to equilibrium after the disturbance. Tube and resistor noise

were reduced to a minimum by carefully selecting the Oubes and resistors for

the first stage. !Uicrophonics were reduced by using speciialy constructed

shock-mounts for this stage. Drift was reduced considerably by using a well-

regulated power supply (see Fig. hO) and by using a lino-replqting trans-

former-2 The power supply was constructed with four separate regulators in

anticipation. of power supply "cross talk" between chann ls, but this was

later found to be unnecessary. It was found a wise measure to-wait about

30 sec after each shot and about 2 or 3 -min after n "shunting condenser"

[see Fig. 41 and Sec. 3(c)] was changed to makke certain the amplifier had

returned to equilibrium.

(b) Vertical-axis amplifiers. -- Because of time constant and voltage- -

linearity considerations it was found necessar, to revise slightly (see Fig.

42) the vertical-axis amplifiers in the DuMont 175A cathode-ray oscilloscopes.

After this revision, the oscilloscopes were used almost continuously from

2o/ Ref. 19, pp. 104-113.

115-v, 2-kw; constructed by Raytheon Mfg. Co'.
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December 1944 until the present time. The circuit indicated in Fig. 42 has.

a time constant of 0.5 sec (down 3 db at 0.3 cycle/sec) and is down 3 db at

about 150 kc/sec at the high end. It is linear within ± I percent over the

deflection of 1 in. on either side of the center of the cathode-ray tube

and within i+ 5 percent over 2.3 in. This is at 20 C but at higher tempera-

tures (35°C) greater distortion was observed. Hence as long as the deflec-

tion was kept to less than I.5 in. at normal temperatures, no error in meas-

*urements due to amplifier nonlinearity occurred. Used with the pre-amplifier

that has been described, at the maximum gain setting there is an input volt-

age sensitivity of 90 Mv/in., a noise level of about 0.1 in. (on the

oscilloscope), and an over-all time constant of about 0.h sec and a high-

frequency response (down 3 db) of about 100 lw/sec. The Z-axis was also

modified in order that its time constant be comparable with the V-axis.

Otherwise it is essentially the same as the original DuMont circuit.

(c) Calibration unit. -- The calibration. unit (Fig. 41) consists of

approximately the same circuit as that discussed in the report on the

Princeton mobile oscillographic laboratory-. The standard condensers are

-arranged in 30 steps to give from 100 to 10,000 p/acoulombs by using 3 capacity

steps and a voltage divider of 10 steps. This charge is' placed across shunt-

capacities of from 0.01 . f to 2.5 1f in logarithmically increasing steps of

approximately a 2:1 ratio per step. Potentiometers (500-ohm) are placed in

series with the line to compensate for its inductance. The charge is put

suddnly on the condensers by opening a relay -which short-circuits the

applied voltage. This relay is incorporated in the "initiating trigger

circuit" (Fig. 43) with a suitable circuit to delay its operation. These

circuits, or similar ones, are described in a previous report on this equip-

ment./

(d) Trigger circuit. -- The trigger circuit for intensifying thne oscil-

loscope beam during the sweep and the sweep circuit itself (see Fig. L4 ) are

also quite similar to the original circuits described in an earlier reportvW

The sweep circuit was modified slightly by discharging the condenser through

a pentode in which. as is well kmovm, the plate current is essentially

22/ dob]ile oscillographic laborato~r~, by C. W. Lampson and J1. Bleakney,
NDRC Report A-307 .(0SRD-457O),
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independent of plate voltage. This gives a much more lin>ar sweep, ,which

was measured to be linear within 1 percent over 2 in. of the oscilloscope

screen* ,

(e) Timing oscillator. -- Since the early sine-wave calibration

systecm2 was abandoned, it was found convenient to use a different timing

oscillator. A fixed frequency standard giving frequencies of either 1000 or

200 cycle/sec was built (see Fig. 45), and since sine waves were no longer

necessary a "pip-circuit" synchronized withthe oscillator was incorporated

which gave small pulses of approximately 0.1-msec duration. A conventional

transitron oscillator circuit was used and, although employing only an

ordinary tuned circuit, it wa-s-found to: gives a constant frequency within 0.1

percent over all the temperature .rangp normally found in thj laboratory.

(f) Camera boxe.:-,- In order to photograph the oscillograph traces,

four cmera boxes were constructed (see Fig. 38) using Foth-Derby cameras

with f:2.5 lenses and 127 Super XX film. The shutters of these cameras were

operated by solenoids, all ea the same d-c source, a motor-generator unit.

(g) Firing circuit. -- A firing circuit (Fig. 46) is used in conjunc-

tion with the single-swep apparatus vhn measuring pressures produced by

electrically oXD1loded charges. It consists merely of two relays with appro-

priate delay circuits; one, to initiate the sweep, and the othexr, di'charg-

ing a 500-pf condenser (charged to approximately 50 v) through the fuze of

the detonator. Either relay can be delayed as much as 50 msec and woimld re-

peat to better than 1 msoc. It was discovered, however, that a variation of

as much as3 msec in the time of detonation of the charge could be recorded

because of variation in construction of the various blasting caps used.

(h) Intercommunication system. -- An intercommunication system was

used whenever measurements in the field were made, to coordinate work in the

field with that in the laboratory.

4. Other equipment

In addition to the blast tube and electronic apparatus, it wa.s found

expedient to use two additional pieces of equipment that are deemed

important enough to describe briefly here.

(a) The film-reading box. -- To facilitate the reduction and analysis

of oscillograph records, a special film-reading box was designed to enlarge
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(a) Fronit view (b) Side view.

(c) Interior view (d) Projector in use

Fig. 47. Film-reading box.
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oscillograms originally photographed on 35-mm and 127 Super XX film. En-

largements of 7.8 times, 12.6 times, and .23.1 times were effected by the

choice of the proper enlarging lens. Essentially the optical arrangement

consists of a No. 2 photo-flood lamp as the light source, a pair of condens-

ing lenses, film holder and film, enlarging lens, reflecting mirror, and

opal screen upon which the oscillogram is projected.

Measurements may bp made directly fror the opal screen image or, if

permanent records are desired, from suitable tracing material such as "Koda-

trace" upon which a copy of the oscillogram is drawn. The latter is the

method employed when impulse data are desired and a convenient size is

needed for accurate planimeter measurements. (The imDulse, of course, is

proportional to the area under the force-time record.) Figure 47 shows

front, side, and interior of the film-reading box used at Princeton from

September 19h until the present time and also shows the same box in actual

use,

*(b) The multiple manometer. -- For accurate measurements of static

pressures, it was found necessary to use manometers. To prevent the

necessity for an exceedingly tall manometer to measure high pressures, a so-

called "multiple manometer" was used. The Princeton design consisted of

three mercury manometers connected in series, the first to the second and

the second to the third, and coupled by distilled water. This gives approxi-

mately one-third the deflection produced in a single mercury manometer for

an equivalent pressure. The manometer, as shown in Fig. 48, maasures pres-

sures up to 90 lb/in . to within 0.05 lb/in .
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